The oxygen environment in cell culture has a significant impact on the health and performance of cells. Here, we compared the effects of reduced (5%) and ambient (20%) oxygen concentrations on bovine oocyte-granulosa cell complexes, each containing a growing oocyte 90-102 µm in diameter, cultured for 14 days. Both oxygen concentrations showed some advantages and disadvantages; in 5% oxygen, the survival rate of oocytes was significantly higher than in 20% oxygen, but the resulting oocytes were significantly smaller, which was a serious disadvantage. During the first 4 days of culture, the growth and viability of oocytes were satisfactory using 5% oxygen. This observation led us to examine the effect of changing the oxygen concentration from 5% to 20% on Day 4 in order to minimize the expected disadvantages of constant 5% and 20% oxygen. The largest population of fully grown oocytes was obtained from cultures in which the oxygen concentration was changed in this way, which also led to higher oocyte viability than in constant 20% oxygen. A similar tendency was found in the frequency of oocytes becoming blastocysts after in vitro fertilization. Surviving oocytes eventually became located within an enlarged dome-like structure, and although the 5% oxygen environment may have been appropriate for oocyte growth in the early stages, 20% oxygen may have been necessary for the growth of oocytes in the dome-like structure. These results indicate an effective way of modulating oxygen concentration according to the growth of oocyte-granulosa cell complexes in vitro. Key words: Bovine, Granulosa cell, Growing oocyte, In vitro, Oxygen concentration (J. Reprod. Dev. 58: [204][205][206][207][208][209][210][211] 2012) M ost of the growing oocytes stored in the mammalian ovary are eventually lost, and in order to be able to utilize them, it is important to develop culture systems that effectively support oocyte growth and the acquisition of developmental competence. We have previously described a 2-week culture system [1] in which bovine oocytes obtained from early antral follicles are able to complete the growth phase. However, the resulting oocytes are on average smaller than those grown in follicles in vivo. Further improvement of the culture system is therefore necessary.
M
ost of the growing oocytes stored in the mammalian ovary are eventually lost, and in order to be able to utilize them, it is important to develop culture systems that effectively support oocyte growth and the acquisition of developmental competence. We have previously described a 2-week culture system [1] in which bovine oocytes obtained from early antral follicles are able to complete the growth phase. However, the resulting oocytes are on average smaller than those grown in follicles in vivo. Further improvement of the culture system is therefore necessary.
Our previous work comparing bovine oocyte growth in reduced (5%) and ambient (20%) oxygen concentrations [2] suggests the importance of oxygen optimization in determining culture conditions. The oxygen environment has significant effects on cell activities in culture in various cell types, such as somatic cells [3, 4] , embryos [5, 6] and stem cells [7] . Although a universal optimal oxygen concentration for cell culture has not been determined, many studies on embryos [8] [9] [10] , preantral follicles [11] , testicular germ cells [12] and other cells [13] [14] [15] [16] [17] have suggested that a reduced oxygen concentration gives better results than an ambient oxygen concentration. A partial explanation for this would be that there is less cell damage associated with the generation of reactive oxygen species (ROS) at reduced oxygen concentrations [18] . Several studies on oocytes maturing in vitro reached the conclusion that the use of a reduced oxygen concentration leads to superior results [19] [20] [21] . However, other studies reported little or no benefit in using reduced oxygen concentrations during oocyte maturation [22, 23] . Furthermore, some types of cells proliferated better in the 20% oxygen environment than in a reduced oxygen environment [24] . When a large amount of tissue or an organ is cultured, the ambient oxygen concentration is usually used [25] [26] [27] [28] , and in some studies, even higher oxygen concentrations have been applied [29] [30] [31] . It therefore seems necessary to find an optimal oxygen concentration for each type of target cell and/or tissue according to its size.
Despite the establishment of excellent culture systems in which oocytes can grow [32] , a single optimal oxygen concentration has not been determined. Two mouse studies reached different conclusions, one finding that a 5% oxygen environment was more beneficial, at least in the early phase of culture [33] , and the other finding that a 20% oxygen environment was better [34] . A 20% oxygen environment was routinely used in our 2-week culture system for growing bovine oocytes. Although the approach of changing the oxygen concentration would appear to be worth testing, it has received little attention. In the present study, we evaluated the effect of the 5% and 20% oxygen environments on the growth, viability and developmental competence of bovine oocytes. A sequential combination of these two concentrations was also tested.
Materials and Methods

Collection of oocyte-granulosa cell complexes
Bovine ovaries collected at an abattoir were transported to the laboratory in calcium-and magnesium-free Dulbecco's phosphatebuffered saline (PBS; Nissui, Tokyo, Japan). Early antral follicles measuring 0.4-0.7 mm in diameter were dissected from the ovaries. The follicles were transferred to HEPES-buffered modified minimum essential medium (pH 7.2) [35] , further supplemented with 1 mM sodium pyruvate (Wako, Osaka, Japan), 5 mM taurine, 2 mM dimethylthiourea [36] , 4% polyvinylpyrrolidone (PVP; w/v, molecular weight 360,000) and 3 mM glutathione (Sigma-Aldrich, St Louis, MO, USA). The follicles were opened using forceps and a blade to isolate the oocyte-cumulus cell complexes associated with a group of mural granulosa cells (Fig. 1) . Compared with fully grown oocytes, growing oocytes were characterized by an obvious smaller size and a brighter appearance under a light microscope, suggesting low levels of ooplasmic lipids (Fig. 1) . Each complex was transferred to a microdrop of the medium under paraffin oil to measure oocyte diameter, exclusive of the zona pellucida, using an ocular micrometer attached to an inverted phase-contrast microscope.
Oocyte growth in vitro
Complexes were cultured individually on a collagen matrix prepared in 96-well culture plates (Falcon 354407; Becton, Dickinson and Company, Bedford, MA, USA). The bottom of each well was covered with 30 µl of a mixture of type I collagen (Cellmatrix Type I-A; Nitta Gelatin, Osaka, Japan) and the culture medium by following the manufacturer's instructions with some previously reported modifications [37] . To each well, 200 µl of the culture medium described below was added.
The culture medium used for oocyte growth was TCM-199 (Gibco-BRL, Grand Island, NY, USA) supplemented with 1 mM sodium pyruvate, 0.08 mg/ml kanamycin, 0.1 µg/ml estradiol-17β, 4 mM hypoxanthine (Sigma-Aldrich), 5% fetal bovine serum (FBS; HyClone, Logan, UT, USA), 10 µM Trolox, a water-soluble α-tocopherol analogue (Wako) and 150 µM ascorbic acid 2-O-alphaglucoside (AA-2G; Hayashibara, Okayama, Japan) [38] . The medium was also supplemented with 4% PVP (Sigma-Aldrich) [1] .
The cultures were housed in an incubator at 38.5 C in an atmosphere of either 5% carbon dioxide, 5% oxygen and 90% nitrogen (5% oxygen) or 5% carbon dioxide and 95% air (20% oxygen). The first day of culture was designated Day 0, and culture was continued until Day 14. Oocyte diameter was measured again on Day 1; this second measurement was to screen out oocytes with a diameter <90 or >102 µm and oocytes with signs of degeneration such as deformation of the ooplasm and/or disintegration of the oocyte plasma membrane, which had become apparent during the previous day. Of a total of 673 complexes introduced to the culture in 20 experiments, 590 (88%) were apparently normal, having a size within the range described above, and were used for further experiments. Half the medium was replaced with fresh medium every other day.
On Day 14, oocytes with adherent cumulus cells were removed from the complexes using a fine pipette. Oocytes with firmly attached granulosa (cumulus) cells and showing no signs of degeneration were considered as surviving. Only these oocyte-cumulus cell complexes were subjected to final size measurement and in vitro maturation.
In three experiments, the increase in the size of oocytes cultured using 5% or 20% oxygen was tracked every other day from Day 1 to Day 13.
Oocyte maturation and fertilization in vitro
The in vitro grown oocytes were transferred into oil-covered microdrops of maturation medium (5-10 complexes/100 µl) that consisted of TCM-199 (Gibco) supplemented with 0.1 mg/ml sodium pyruvate, 0.08 mg/ml kanamycin sulphate, 5% FBS, 200 µM AA-2G, 10 µM Trolox, 100 ng/ml follicle-stimulating hormone (FSH; NIDDK, Washington, DC, USA), 500 ng/ml luteinizing hormone (LH; NIDDK) and 10 ng/ml epidermal growth factor (EGF; UBI, Lake Placid, NY, USA). The oocytes were cultured at 38.5 C for 23-24 h in the same oxygen environments used at the end of the growth culture.
For in vitro fertilization, frozen semen was thawed and washed twice by centrifugation in modified Brackett and Oliphant (BO) solution [39] supplemented with 2.5 IU/ml heparin, 5 mM caffeine and 5 mg/ml bovine serum albumin (Sigma-Aldrich). Oocytes were also washed twice in the modified BO solution prior to insemination; an aliquot of the sperm suspension was then added to the microdrops containing oocytes to produce a concentration of 5 × 10 6 spermatozoa/ml. After a 6-h incubation at 38.5 C in 20% oxygen, the oocytes were denuded of adhering cumulus cells and spermatozoa using a small-bore pipette. The presumptive zygotes were transferred into oil-covered microdrops (one embryo per 10 µl) of modified SOFaa medium [40] , supplemented with 5% FBS and 1 mM sodium glutamate, and cultured at 38.5 C in 5% oxygen. Three days after insemination, cleaved embryos were transferred to fresh microdrops of the medium and cultured for a further 6 days to determine the frequency of development to the blastocyst stage.
Estimation of the number of granulosa cells
Oocyte-granulosa cell complex attached to the collagen matrix at the well bottom was carefully washed with PBS containing 0.1% (w/v) polyvinyl alcohol (PVA; Sigma-Aldrich), hereafter referred to as PBS/PVA. The complex was applied to a consecutive treatment with 0.1% collagenase (Nitta Gelatin) and trypsin (0.25%, Roche, Mannheim, Germany)-EDTA (0.1 mM, Sigma-Aldrich), each for 5-10 min. Particular attention was paid to avoid dislodging the complex from the bottom before dispersing the cells by vigorous pipetting at the end of the trypsin-EDTA treatment. The cell suspension was then transferred to a microcentrifuge tube. After washing the cells twice with PBS/PVA and pelleting them by centrifugation, the cells were resuspended in PBS/PVA. The concentration of cells in the suspension (adjusted to about 100 µl) was determined using a hemacytometer. The average of triplicate values was used for each sample.
Data presentation and statistical analysis
The distributions of oocyte diameter are shown in the figures using box and whisker plots. Statistical analysis of oocyte recovery and embryonic development was performed after arcsine transformation of the percentage data. The Student's t-test was used for comparisons between two groups. Tukey's test was used for multiple comparisons. Differences were considered significant at P<0.05.
Results
General morphology of complexes in vitro: 5% vs. 20% oxygen
In the 5% and 20% oxygen environments, the complexes enlarged in width and thickness on the collagen matrix ( Fig. 2A-D) . The thickened mass of granulosa cells around the oocyte gradually came to acquire a cavity (or cavities), which eventually developed into a characteristic dome-like structure (Fig. 2E, F) . The dome was pierced on Day 14 with a fine pipette in order to withdraw the oocyte into the medium with its associated granulosa cells, which typically consisted of a layer enveloping the oocyte (Fig. 2G, H) .
Oocyte survival, size and developmental competence: 5% vs. 20% oxygen
After the 14-day culture period, the 5% oxygen environment was more favorable for oocyte survival than the 20% oxygen environment, in which a proportion of oocytes had died or become denuded (Fig. 3A) . However, this advantage of 5% oxygen over 20% oxygen was reversed when the size attained by the oocytes was compared (Fig. 3B) .
Granulosa cell differentiation: 5% vs. 20% oxygen
Regardless of the oxygen concentration, the percentage of complexes having a cavity increased sharply between Days 3 and 7, eventually exceeding 90% on the basis of surviving oocytes. However, the maximum plateau percentage was reached more rapidly in 5% than in 20% oxygen (Fig. 4) .
Growth chart of oocytes: 5% vs. 20% oxygen
On the basis of the results described above, we sought to determine the length of culture using 5% oxygen, which would not compromise oocyte growth. The box plots in Figure 5A and B represent the distribution of the oocyte size tracked from Day 1 to Day 13 in the 5% and 20% oxygen environments, respectively. The numbers of oocytes included in Figure 5A and B were 31 and 33, respectively. In the 5% oxygen environment, growth retardation was detectable after Day 7 and subsequently became increasingly apparent (Fig. 5A) . In contrast, oocytes in 20% oxygen maintained steady growth (Fig. 5B) . These results are summarized in Fig.  5C , which shows that a similar increase occurred in both oxygen concentration groups during the first 3 days, although a significant difference in size between oocytes in 5% and 20% oxygen first appeared on Day 5. 
Effect of oxygen concentration change
In the second series of experiments, a group was added in which the oxygen concentration was changed from 5% to 20% on Day 4. A complex with typical morphology in 5% oxygen on Day 4 is shown in Fig. 6A ; the oocyte is enclosed within granulosa cells, around which a population of granulosa cells spreads outward. At this stage, some complexes were about to form a cavity. Proliferation of granulosa cells was obvious between Days 1 and 4 (Fig. 6B) .
When the oxygen concentration was changed, the oocyte survival rate was intermediate between the rates attained in the constant 5% and 20% oxygen environments (Fig. 7A) . However, oocyte growth was greater than in either constant oxygen environment, and the average oocyte size achieved was the largest among the three groups (Fig. 7B) . A larger proportion (30%, 28/94) of the oocytes reached a size greater than 120 µm in the group in which the oxygen concentration was changed than in the 20% oxygen (11%, 11/98) and 5% oxygen (1%, 1/80) groups. Figure 8 shows the expansion of oocyte-associated granulosa cells in response to gonadotropins and EGF. The morphology of granulosa cells grown in 5% oxygen (Fig. 8A) was most similar to that of cells grown in vivo (Fig. 8D) ; those grown using 20% oxygen often formed clumps of various sizes (Fig. 8B) . The group in which the oxygen concentration was changed typically showed a mixture of expanded granulosa cells and abnormal clumps (Fig. 8C) .
After in vitro fertilization, cleavage was observed in 18%, 34% and 45% of oocytes that had been grown using 5%, 20% or both oxygen concentrations, respectively, and 4%, 11% and 18% developed to the blastocyst stage, respectively (Table 1) , reflecting the order of the average oocyte diameters. 
Discussion
When bovine oocytes were grown in different oxygen concentrations, the most beneficial condition was that in which the concentration was changed from 5% to 20%. Both the constant low concentration and the constant high concentration compromised the yield of fully grown oocytes. This simplified summary of our observations is based on two experimental circumstances we adopted: (1) priority was given to the oocyte size attained in vitro to rank the condition, and (2) almost all surviving oocytes eventually became located within an enlarged dome-like structure in which the oocyte microenvironment gradually became remote from the controlled oxygen concentration.
Ranking the condition, whether by final oocyte size or oocyte viability, has a crucial effect on the interpretation of the results. If the oocyte survival rate was the primary interest, 5% oxygen would have been the best of the tested conditions. Moreover, under this reduced oxygen concentration, granulosa cell regulation was also facilitated in terms of the early formation of an antrum-like structure and the excellent expansion during the induction of oocyte maturation. Despite these advantages, insufficient oocyte growth, particularly prominent after cavity formation, was a serious disadvantage of the 5% oxygen environment. In contrast, oocytes in the 20% oxygen environment continued to grow for 14 days; however, there was significantly lower oocyte viability and poor cumulus cell expansion during induced oocyte maturation. An important observation in the present study was that both growth and viability of oocytes were satisfactory in the 5% oxygen environment during the first 4 days. This observation led us to examine the effect of changing the oxygen concentration from 5% to 20% on Day 4 in order to minimize the expected disadvantages of constant 5% or 20% oxygen. The reverse order, from 20% to 5%, is not appropriate in terms of oocyte growth because of the apparent disadvantage in using 5% oxygen during the latter period. The results clearly showed that the largest population of fully grown oocytes was obtained when these two oxygen concentrations were applied in tandem.
During the first 4 days, the oocyte-granulosa cell complexes adhered to the collagen matrix, where the oocytes within several granulosa cell layers were exposed to culture medium (Fig. 9A) . This structure resembled that described by Eppig and Wigglesworth in the mouse [33] . In the present study, after a cavity had been formed, the morphology of complexes (Fig. 9B) resembled that described by Smitz et al. in the mouse, which was characterized by a dome-like structure derived from whole preantral follicles under gonadotropin stimulation [34] . There was a discrepancy with respect to the preferred oxygen concentration in these two mouse studies. However, it is an interesting coincidence that 5% [33] and 20% [34] were the preferred oxygen concentrations in their studies. The bovine complexes in the present study, as they proceeded from one typical morphology to another, would be expected to require higher oxygen environments to deliver adequate levels of oxygen to the oocyte with increasing size of complexes. A 3.5-fold increase in the number of granulosa cells between Days 1 and 4 may provide conditions that would protect oocytes from elevated levels of ROS on the change to 20% oxygen. In all three oxygen concentrations, the number of granulosa cells in a complex eventually reached about 10 times the number present on Day 1 (data not shown). In brief, the 5% oxygen environment may have been appropriate for oocyte growth at point (a) in Fig. 9 , but the 20% oxygen environment could have been necessary in order to prevent possible hypoxia around the oocytes at point (b). What factors associated with different oxygen concentrations for the first 4 days could influence the oocyte and granulosa cell outcome after 10 days? In the present study, it was repeatedly observed that in the constant 20% oxygen environment, the larger oocytes were more likely to lose the adjacent granulosa cells towards Day 14 than oocytes that were still growing. Such loss of oocytes of almost full size may explain the smaller average size of oocytes compared with those grown after changing the oxygen concentration from 5% to 20%. During the first 4 days, however, granulosa cell morphology was similar in all three oxygen conditions. We suspected that granulosa cell differentiation was promoted in the 20% oxygen environment. For example, progesterone production by cultured luteal cells is affected by the oxygen environment [41] . However, as long as progesterone accumulated in the medium, no statistical difference was observed between the groups cultured using 5% and 20% oxygen; irrespective of the oxygen environment, increasing amounts of progesterone were produced towards the end of the culture period (data not shown). On the other hand, after the 14-day culture period using 20% oxygen, there were some clumped granulosa cell groups that were unable to expand in response to stimulatory signals. This suggests a lack of functional interaction between the oocytes and granulosa cells; such interaction is crucial for the normal development of both oocytes and granulosa cells [42] . Further studies are necessary to define the potential damage, if any, to oocytes and granulosa cells during early exposure to 20% oxygen.
Previous mouse studies have reported the effectiveness of modulating the oxygen concentration according to the in vitro growth of oocyte-granulosa cell complexes [33] and follicles [43] . Continuously providing follicles with optimal conditions for a couple of weeks is technically more demanding for bovine follicle than mouse follicles because bovine oocytes and follicles are far larger than mouse oocytes and follicles-a bovine follicle in vivo becomes larger than a mouse ovary. A possible means of reducing the complexity of culture requirements is to limit the region of the follicle to be cultured. In the present study, we used the oocyte and associated granulosa cells removed from early antral follicles. However, the development of the dome-like structure eventually made it difficult to control the oocyte microenvironment. From this point of view, it would be an option in the future to develop a culture system that is effective in supporting the growth of bovine oocytes with the smallest possible functional group of granulosa cells, similar to the system that has been developed for mouse oocyte-granulosa cell complexes [44] . 
